The limited thermal stability of polyhydroxyalkanoates (PHAs) hinders their wide applicability, and methods to improve the processability of these biopolyesters are needed for efficient processing, e.g. by melt extrusion. In the present study we have shown by isothermal gravimetry, dynamic rheology and molecular weight analysis that the thermal stability of the PHAs at the processing temperature can be dramatically improved by simply washing the materials in a 1 mM aqueous HCl solution. Hence, the thermal decomposition temperature increased by up to 50 C after the treatment. Subsequently, treated poly(3-hydroxybutyrate) and poly(3-hydroxybutyrate-co-4-hydroxybutyrate) were blended with different amounts of poly(butylene adipate-co-terephthalate) by melt extrusion in order to further enhance the processability and thermomechanical properties. Microscopy of freeze fractured samples of the biodegradable blends showed phase separated blends with poor interfacial adhesion. Melt rheology and dynamic mechanical analysis results indicated a phase inversion between 60 and 80 wt% of the respective PHA. After adding dicumyl peroxide during the extrusion, the interfacial adhesion improved significantly, and the dynamic shear and tensile storage modulii increased with increasing content of the peroxide. The results of the present study demonstrate that an acid wash may significantly improve processability of PHAs, and that combinations of blending and reactive extrusion can be employed to further enhance and tune the thermomechanical properties of the materials.
Introduction
Polyhydroxyalkanoates (PHAs) are biobased and biodegradable polyesters that are accumulated as intracellular granules by many naturally occurring bacteria and are potential alternatives to plastics made from fossil sources. The most extensively studied PHA is poly(3-hydroxybutyrate) [P(3HB)], which is a highly crystalline and brittle polymer with limited processability. [1] [2] [3] The inherently poor thermal stability of P(3HB) is a major concern and thermal decomposition by chain scission starts at temperatures close to the melting point, making processing in the melt state a considerable challenge. 4 One strategy to improve the processability of PHAs is to employ copolymers such as poly(3-hydroxybutyrate-co-hydroxyvalerate) (PHBV) and poly(3-hydroxybutyrate-co-4-hydroxybutyrate) [P(3,4HB)]. The melting point of PHBV is lower than P(3HB) and the processing of P(3HB) and PHBV, respectively, has been studied on the laboratory scale by extrusion, as well as injection and compression molding.
5-10 P(3,4HB) has lower crystallinity and melting point than P(3HB) which broadens the processing window.
11-13
Another approach to improve the properties of PHAs is to prepare blends with another biodegradable polymer.
14 PHAs have previously been melt blended with biodegradable polymers such as poly(lactic acid) (PLA), [14] [15] [16] [17] [18] poly(butylene succinate) (PBS), 19 poly(3-caprolactone) (PCL), 20 lignin, 21 poly(butyleneadipate-co-terephthalate) (PBAT), 22, 23 and PBAT/starch. 24 PBAT is a synthetically derived biodegradable polymer, suitable for lm extrusion. It has a high elongation at break, is ductile and has potential to toughen the brittle P(3HB). 22 Javadi et al. have previously studied injection molding of PHBV/PBAT blends.
22
They found the specic toughness (with density reduction taken into account) and the strain at break to increase, but the specic modulus and strength decreased with increasing content of PBAT. In addition, the crystallinity of PHBV decreased with increasing PBAT content. PBAT has previously been blended with PLA to increase the tensile toughness of the material and PBAT also acted as a lubricant during the extrusion. 25 In addition, PBAT has been blended with thermoplastic starch 26, 27 and PBS.
A further factor of high relevance for the processability is the degree of purity achieved aer the biosynthesis and extraction of the PHAs. The purity of the polymers affects both the thermal stability during processing and the resulting mechanical properties. 29 Up until now there are only a few reports in the literature that consider the inuence of the purity on the thermal stability of PHA before processing.
30,31
The primary aim of the present study was to explore possibilities to improve the processability of PHA materials by blending with PBAT, and to further enhance and tune the properties by reactive extrusion. PBAT was selected because of its good processability and the possibility to obtain a so matrix for the considerably more brittle PHAs. Dicumyl peroxide (DCP) has previously been used in reactive processing of P(3HB)/PBS and P(3HB)/PLA blends, which resulted in an increased compatibility between the components of the respective polymer blend. 19, 32 In the present case, the properties and morphology of the biodegradable blends were evaluated by rheometry, dynamic mechanical analysis, calorimetry, gravimetry and microscopy. As a rst important step, the possibilities to increase the thermal stability of the PHA materials were investigated by employing different purication strategies. The effect was studied by means of thermal gravimetry, rheometry and molecular weight measurements.
Experimental
Materials P(3HB) powder (ENMAT Y3000P) was purchased from Tianan Biologic Material Co. Ltd., Ningbo, China, and P(3,4HB) powder (SoGreen 00A-1) was purchased from Tianjin Green Bioscience, China. The fraction of 4HB units in the copolymer was 3 mol% as determined by 1 H NMR spectroscopy. Granules of PBAT Ecoex F Blend C1200 (LOT: 00522875L0) were kindly provided by BASF (Germany). DCP, (Sigma-Aldrich, 98% purity), chloroform (Fisher Chemical, analytical reagent grade), methanol (Scharlau, ASC basic) and HCl (Honeywell, 37% aq. solution) were used as received. PHA was pre-treated as described below. Both PHA and PBAT were dried at 50 C under vacuum over night before extrusion.
Polymer pre-treatment
Two different PHA pre-treatment methods were evaluated, namely soxhlet extraction with CHCl 3 and washing in a 1 mM aqueous HCl solution. In the rst procedure, the extraction was conducted during 5 h at 90 C where the PHA was successively dissolved in CHCl 3 . PHA was then precipitated in methanol and subsequently ltered and dried during 24 h at 50 C under vacuum. In the second treatment method, the washing was performed during 30 min at room temperature. Next, the PHA was washed 3 times with deionized water, ltered and dried for 24 h at 50 C under vacuum. 30 The aq. HCl wash was chosen as the purication method for PHA in the following studies.
Preparation of blends
A series of blends (15 g ) with weight ratios of P(3HB) : PBAT equal to 100 : 0, 80 : 20, 60 : 40, 40 : 60, 20 : 80, 0 : 100 were prepared in a 15 cm 3 DSM midi twin screw extruder. The melt extrusion was conducted with a temperature prole from feeder to die of 150-175-182 C and at a rotational rate of 50 rpm, keeping an average residence time of 1 min. Blends of P(3,4HB) and PBAT were prepared in weight ratios equal to 100 : 0, 80 : 20, 60 : 40, 50 : 50, 40 : 60, 20 : 80 and 0 : 100 at a rotational rate of 50 rpm with an average residence time of 2 min. The temperature prole from feeder to die was 140-150-160 C. In all the blending procedures, the two polymer components were added to the extruder all at once, and the average residence time was determined from the time all polymers had been fed to the extruder up until the outlet was opened. DCP was added at the end of the feeding together with the dry mixed polymers.
Characterization methods
The average molecular weights of the PHAs and PBAT were determined by size exclusion chromatography (SEC Scanning Electron Microscopy (SEM JEOL JSM-6700F) was used to characterize the blend morphology of freeze fracture surfaces of the blends. The samples were fractured in liquid nitrogen and sputtered-coated with a 10 nm layer of Au-Pd. The microscope was operated at an accelerating voltage of 15 kV. In addition, the cross-linked samples were fractured at room temperature at a strain rate of 5 mm min À1 .
Thermogravimetric analysis (TGA) was performed on a TA Instruments TGA Q500. Samples of 3-5 mg were heated to 550 C at a heating rate of 10 C min À1 under nitrogen. Decomposition temperatures (T d ) were determined at the maximum weight loss rate of the samples. The weight fraction of PHA was determined as the percentage change in weight loss between 200 and 310 C. Isothermal measurements to study the decomposition of P(3HB) and P(3,4HB) under air were performed at 180 and 160 C, respectively, during 8 h. Differential scanning calorimetry (DSC) measurements were carried out on a TA Instruments DSC Q2000. Samples were heated to 185 C at a heating rate of 10 C min À1 , thereaer cooled to À70 C and kept isothermal for 3 min before heated again to 200 C at the same heating rate. The crystallinity of the PHB phase was calculated using the equation X c (%) ¼ (DH f,PHB /DH 0 PHB ) Â (100/ W), where W is the weight fraction of PHB in the blend, measured by TGA, and DH 0 is the heat of fusion of 100% PHB (146 J g À1 ). 33 The heat of fusion for the PHB phase in the blends was determined from the second heating scan.
Dynamic mechanical analysis (DMA) was performed on a TA Instruments DMA Q800. Specimens from the extruded material were hot-pressed into rectangular shapes of approximately 15 Â 9 Â 1 mm 3 using a hydraulic press (Specac, GS15011) at 160 C samples were analyzed at 1 Hz in the temperature interval À60 to 100 C at a heating rate of 3 C min À1 . The measurements were performed in the linear viscoelastic region at a strain of 0.05%. The glass transition temperature (T g ) was determined as the position of the maximum peak value of the loss modulus. Dynamic rheology measurements were carried out using a TA Instruments Advanced Rheometer AR2000 ETC. Measurements were performed using parallel plates (B ¼ 15 mm) during 40 min at 170 and 180 C, respectively, and 1 Hz under nitrogen atmosphere. A 2% strain was used which was within the linear viscoelastic region. The specimens (B ¼ 15 mm, h ¼ 1 mm) were hot-pressed from the extruded parts as described above.
Results and discussion
Pre-treatment and stabilization of the PHAs
The practical processing temperatures of PHAs are essentially set by their crystalline melting points (T m ) because of their poor thermal stability in the melt state. The initial thermal decomposition temperatures of the as-received P(3HB) and P(3,4HB) were T d ¼ 270 and 240 C, respectively, under nitrogen. We were initially interested to investigate how much the value of T d could be raised by a straightforward pre-treatment, and especially to clarify the effects of such treatments on the thermal stability at the melt processing temperature. A stability study was performed on both the PHAs aer soxhlet extraction with CHCl 3 and aer washing with aq. HCl solution, respectively. Arza et al. recently reported on enhanced thermal stability aer an aqueous acid treatment before solution casting of PHB.
30
Following this work, Lopez-Abelairas and co-workers demonstrated that acid treatment in the recovery of PHA from bacteria yielded samples with high purity and low levels of degradation, as compared to other methods.
31
PHAs generally have good solubility in CHCl 3 . However, during the soxhlet extraction an insoluble fraction remained in the thimble. Unfortunately, this fraction prevented the ltration necessary to study the dissolved polymer fraction by, e.g., NMR spectroscopy. Aer washing with aq. HCl and soxhlet extraction with CHCl 3 , respectively, the T d value of P(3,4HB) increased by up to 50 C under nitrogen, as determined by TGA (Fig. 1a , and ESI Fig. S1 † for corresponding data for P(3HB)). The increase in T d represented a signicant increase in the thermal stability. Considering the isothermal TGA data at the intended processing temperatures of P(3HB) (180 C) and P(3,4HB) (160 C), the positive effect of the acid treatment was quite remarkable (Fig. 1b) . As seen, the as-received P(3,4HB) decomposed much faster in comparison to the acid-treated sample. Aer 1 h at 160 C under air, the weight loss of the as-received sample was 10%
while the weight loss of the acid-treated sample was below 1%. The corresponding weight losses aer 8 h were 95 and approx. 1 wt%, respectively. For P(3HB) the initial weight loss aer 1 h was below 1 wt% for both the as-received and acid-treated samples. However, aer 8 h the difference between the samples was signicant, 99 wt% loss of the as-received P(3HB) compared to less than 10 wt% of the acid-treated sample. Hence, the thermal stabilities of both materials were signi-cantly higher aer pre-treatment.
As seen in Table 1 , both T m and T c increased aer the pretreatments of the polymers. However, the increase in T m was approximately 10 C, compared to the 50 C increase of T d due to the pre-treatment. Hence, the processing window was favored by both treatment strategies. The simultaneous increase in T d , T m and T c may indicate higher purity of the polymer aer pretreatment. In contrast, the crystallinity (X c ) of the P(3,4HB) was not affected by any of the treatment methods, but increased with the pre-treatment of P(3HB). The positive effect of the pre-treatment was also demonstrated by dynamic rheology measurements. As seen in Fig. 2a , the shear storage modulus was signicantly higher for the pretreated polymers. The best effect was seen for the acid-treated P(3,4HB) which had a higher initial modulus and a very moderate loss in modulus, indicating a far less reduction in molecular weight. The modulus for the as-received and soxhlet extracted polymer decreased by approximately two decades over 40 min, respectively, due to thermal degradation that occurred at 170 C. The rheological properties can be related to the molecular weight, and a reduction in modulus to polymer chain scission reactions. 34 The effect of the pre-treatments on the melt shear storage modulus for P(3HB) was not obvious from the rheology measurements (ESI, Fig. S3a †) . Still there was a signicant increase in T d (10 C) for the samples aer both of the pre-treatment methods (ESI, Fig. S2 †) . From the TGA and rheology measurements it was clear that the most efficient pretreatment method was washing with a diluted HCl solution.
Although T m increased with 10 C aer acidic treatment of P(3,4HB) the increase in T d was even higher. This should increase the processing temperature window of the PHAs, making the acid-wash the most efficient pre-treatment method also for this polymer.
The stability of the pre-treated polymers and the asreceived PHAs was also assessed by molecular weight measurements aer different residence times in the extruder. As seen in Fig. 2b for P(3,4HB) , the molecular weight before extrusion was the same for the as-received and the acid-treated samples, indicating no signicant chain degradation effects due to the acid treatment. The non-treated polymer degraded extensively during processing for 10 min, while the acidtreated polymer retained a much higher molecular weight. The largest decrease in molecular weight for the non-treated P(3,4HB) was seen during the rst 5 min, during which the molecular weight decreased by 71%, compared to only 20% for the acid-treated polymer, making the former polymer very sensitive to the residence time in the extruder. Before processing, it was not possible to measure the molecular weight of the as-received P(3HB) by SEC, due to solubility difficulties. However, aer 2 min of processing it was possible to compare the non-treated P(3HB) with the acid-treated P(3HB) (ESI, Fig. S3b †) . SEC measurements of the non-treated P(3HB) and acid-treated P(3HB) aer 2 min of processing revealed a difference in molecular weight of 17%. Notably, there was no reduction in molecular weight for PBAT aer extrusion at 170 C (Fig. 2b ).
In conclusion, it is essential to assess and improve the thermal stability of PHAs prior to melt processing. Obviously, the thermal stability can be signicantly improved at the processing temperature by a proper pre-treatment. Csomorova et al. have reported on metal ions that seem to accelerate the thermal degradation of PHB, 35 but the information on this issue is still limited. Because of the biobased nature of PHAs there are likely to be batch-to-batch variations during production. By employing an additional pre-treatment the thermal stability can be signicantly enhanced while concurrently minimizing these variations. In addition to the improved thermal and processing properties, the acid-treatment has a lower environmental impact and is more cost effective compared to the use of halogenated solvents such as CHCl 3 .
29 Table 1 Thermal data of P(3HB) and P(3,4HB) before and after pretreatments Fig. S1 and S2) . b G 0 aer 5 minutes at 180 C for P(3HB) and 170 C for P(3,4HB) as measured by rheology. 
PHA-PBAT blends
The effect of blending P(3HB) and P(3,4HB), respectively, with PBAT on the processing properties, the morphology and the physical properties were investigated. PBAT is a synthetic biodegradable polymer especially suited for lm extrusion. It is a so polymer with T d ¼ 393 C and T m ¼ 140 C, in contrast to P(3HB) and P(3,4HB) which are brittle materials with a high crystallinity. By blending P(3HB) and P(3,4HB), respectively, with PBAT, the goal was to reduce brittleness and improve processability. Since PHA is sensitive to high temperatures and shear forces, it is important to carefully set the process parameters. The processing temperature must be high enough for the polymers to melt, but as low as possible to minimize thermal decomposition. In order to obtain adequate mixing the residence time needs to be sufficient, but still as short as possible to avoid thermal decomposition. The rotational rate and shear forces are also important where a high rate reduces the processing time, but a too high rate will lead to increased decomposition. Previously it has been reported that the molecular weight of P(3HB) and PHBV decreased with increasing processing temperature and residence time, 7 and that the shear forces signicantly contribute to the molecular weight reduction. 5 In the present study, 50 rpm was chosen because a higher rotational rate caused a too low viscosity of the melt. An average residence time of 1 to 2 min was sufficient to obtain proper mixing while also minimizing the decline in molecular weight. A temperature gradient along the barrels was chosen to reduce the residence time at the highest temperatures. The two polymer components of the blend were added simultaneously, PBAT in granulate form and the PHAs in the form of pellets from pressed powder. Notably, only acid-treated PHAs were used in the blending study. The thermal degradation of the as-received polymers was too extensive for the extrusion, resulting in highly discoloured melts with very low viscosities.
Blend morphology. Fig. 3 shows SEM images of cryofractured surfaces of the P(3HB) : PBAT blends. Phase separation was clearly visible in the blends with weight ratios of P(3HB) : PBAT equal to 20 : 80 (Fig. 3a) and 80 : 20 (Fig. 3d) due to the rather poor interfacial adhesion between the phases. The phase separation was less visible for the blends with the 40 : 60 (Fig. 3b) and 60 : 40 (Fig. 3c) compositions. For the sample with 20 : 80 composition, PBAT was the continuous phase with P(3HB) domain sizes of approx. 1-2 mm. A phase inversion seemingly occurred for the 80 : 20 sample where P(3HB) was the continuous phase with PBAT domain sizes of approx. 1 mm. The phase separation of the P(3,4HB) : PBAT blends was not as visible as for the P(3HB) : PBAT blends, which may be due to a higher degree of compatibility of the components at the interface or efficient mechanical interlocking of the phases (ESI, Fig. S5 †) .
Thermal properties. The decomposition temperature of P(3HB) in the blends was close to 290 C under nitrogen for all samples and was not affected by the blending ( Table 2 ). The T g value of PBAT measured by DSC decreased slightly with increasing content of P(3HB), from À29 C for the neat polymer to À32 C for the 80 : 20 blend composition. The T g of P(3HB) was difficult to detect by DSC due to the highly crystalline nature of the polymer, and the value varied between 2 and 9 C without any obvious trend. The crystallinity of P(3HB) and P(3,4HB) in the blends is given in Fig. 4 . There was a signicant difference in crystallinity between the samples containing 20 and 40 wt% P(3HB) but the value was relatively constant at higher P(3HB) contents. As seen, there was a slight decrease in crystalline content of P(3,4HB) between the samples containing 40 and 100 wt% P(3,4HB). A previous study of PLA/PBAT blends showed that the crystallinity of PLA was not increased by the blending with PBAT up to a PBAT content of 20%. 25 Similarly, in the present study there was no signicant effect on the crystallinity of PHA except at high contents of PBAT. The crystallization temperature of P(3HB) increased with increasing fraction of PBAT up to 60 wt% PBAT, but then decreased for 80 wt% PBAT (Fig. 5a ). In contrast, the values of T m were not affected by the blending. P(3,4HB) displayed two melting peaks which typically correspond to a melting-recrystallization-remelting process, (ESI, Fig. S7 †) . 36 The two crystalline melting points of P(3,4HB) decreased with increasing fraction of PBAT. In addition, the crystallization temperature of P(3,4HB) decreased with increasing weight fraction of PBAT. Hence, the addition of PBAT retarded the crystallization of P(3,4HB). The same phenomenon was observed for PBAT. TGA and DSC traces and corresponding data for P(3,4HB) blends are found in ESI, Fig. S6 and S7, and Table S1 . † Viscoelastic properties. The melt shear storage modulus increased with increasing content of PBAT in the P(3HB) : PBAT blends aer measuring for 40 min, as seen in Fig. 6a . The decrease in modulus during 40 min was less for samples containing 0-60 wt% P(3HB) than for those with 80 and 100 wt% P(3HB). In addition, the samples with lower P(3HB) content reached a plateau aer 15 min. Thus, there was a distinct difference between the blends containing 60 and 80 wt% P(3HB) indicating a phase inversion in this composition range. Above 60 wt% P(3HB) the differences between the samples were lesser because the more thermally stable PBAT formed the matrix phase. The large drop in modulus for the samples containing 80 and 100 wt% P(3HB) indicated thermal decomposition of P(3HB). However, it is not likely that the decomposition of P(3HB) declined for the other blends but rather that the continuous PBAT phase stabilized the modulus. Samples containing P(3,4HB) and PBAT showed similar results with a phase inversion between 60 and 80 wt% P(3,4HB) (Fig. 6b) . However, the drop in the storage modulus was far less than for the P(3HB) blends. This was most probably due to the lower measurement temperature of the P(3,4HB) samples, leading to less degradation (Fig. 1b) .
The tensile storage modulus for the P(3HB) : PBAT blends determined by DMA increased with increasing weight fraction of P(3HB), as seen in Fig. 7a . From the tan d curves presented in Fig. 7b it was apparent that the damping increased with increasing fraction of PBAT, which has a higher amorphous content. P(3HB) is a stiffer material than PBAT at room temperature, and the results from the DMA measurements Fig. 4 Crystallinity of the PHA fraction of the blends calculated from the second DSC heating scans. conrmed this difference in material properties. The immiscibility was indicated by two separate peaks appearing in the loss modulus, corresponding to the P(3HB) and PBAT glass transitions, respectively. As seen in the inset of Fig. 7b , the T g of PBAT decreased somewhat with increasing fraction of P(3HB) which was consistent with the DSC results. However, the T g of P(3HB) decreased with increasing PBAT fraction, which was not observed in the DSC data. Considering the blends of P(3,4HB) and PBAT, the same trends of G 0 and tan d was observed (ESI, Fig. S9 †) . However, the T g values of P(3,4HB) slightly increased with increasing fraction of PBAT up to 40 wt% PBAT and thereaer a decrease in T g was observed.
Reactive extrusion
In order to increase the compatibility between the immiscible polymers in blends, a compatibilizer may be added in situ to perform a reactive extrusion. Dicumyl peroxide (DCP) has previously been used as a compatibilizer in P(3HB)/PBS and P(3HB)/PLA blends. Consequently, the phase domain sizes decreased while the elongation at break, impact toughness and tensile strength was increased. 19, 32 Wei and McDonald studied reactive extrusion of P(3HB) and PLA, respectively, with DCP as a crosslinking agent, and concluded that the crosslinked materials showed an improved melt strength.
37
In the present study two especially interesting blend compositions were chosen for the reactive extrusion experiments. The 20 : 80 blend composition was selected because PBAT was the continuous phase and P(3HB) may then potentially act as a barrier material in a so and strong matrix as described above. In addition, the 60 : 40 blend was chosen since PBAT still appeared to be the continuous phase with a stable modulus according to the rheology measurements. Samples containing 1 wt% DCP were found to be difficult to process due to the high viscosity caused by a rapid reaction. Due to this issue, DCP was added to the extruder together with the very last portion of polymer. DCP has a half-life time of approx. 0.5 min at 180 C and it was assumed that the DCP was completely decomposed during the processing.
38
In addition to the blends, P(3HB) and PBAT were separately extruded with DCP. In the case of P(3HB) the reaction was rapid, indicated by a sharp increase of the torque. In contrast, there was no immediate effect observed for PBAT. A solubility study of the extruded materials revealed the formation of an extensive crosslinked gel fraction for P(3HB). No effect was observed for PBAT which remained soluble. Thus, it was likely that the reaction in the blends mainly affected the P(3HB) phase because of its tertiary hydrogens, which are readily abstracted by the primary radical formed by DCP.
Morphology of compatibilized blends. Fig. 8 presents the phase morphology at the surface of the cryo-fractured 20 : 80 blends. In the non-compatibilized blend there were discrete phase domains of P(3HB) clearly visible in a continuous PBAT matrix. In contrast, individual phase domains were not visible in the compatibilized blend, which displayed a rather smooth surface. These observations indicated that the addition of DCP signicantly improved the compatibility of the blend components.
In order to further investigate the adhesion between the phases, the blend containing 60 wt% of P(3HB) was fractured at room temperature. The sample with a larger content of PBAT was more difficult to fracture in this way due to the high elongation at break of PBAT. There was a difference in the phase morphology at the surface between the samples without DCP and with 0.5 wt% DCP added (Fig. 9) . As seen in the former case, the PBAT domains were clearly deformed compared to the latter, where the effect was less visible. Again, this indicated an increased compatibility between the polymer phases.
Thermal properties of compatibilized blends. The value of T d of the respective polymer was not affected by the addition of DCP, remaining at 290 C for P(3HB). Also, T g remained at around 4 C for P(3HB) and À30 C for PBAT and there were no signicant effect from the addition of the peroxide. In the samples containing 20 wt% P(3HB) the crystallinity decreased for the sample with 0.2 wt% DCP and increased again for those containing 0.5 and 0.75 wt% (Fig. 10) . The samples containing 60 wt% P(3HB) showed less inuence on the crystallinity. Still, a small decrease for the material with 1 wt% DCP can be seen. Moreover, there was a slight decrease in the T m of P(3HB) for the 20 : 80 blend composition, from 175 to 168 C when 0.75 wt% DCP was added. The same trend was observed for the blend Fig. 10 Crystallinity of the P(3HB) component in P(3HB) : PBAT blends as a function of the DCP content. The data was calculated from the second DSC heating scans (ESI, Fig. S11 and S12 †). with 60 : 40 blend ratio. The results conrmed a complete consumption and decomposition of DCP during the extrusion. Viscoelastic properties of compatibilized blends. As expected, the dynamic shear modulus for the samples containing 20 wt% P(3HB) increased with the addition of peroxide (Fig. 11) . The G d value at 1 Hz increased by a factor 1.7 for the blend with 0.2 wt% DCP added. At 0.75 wt% DCP added, G d increased by a factor 3.6. In addition, the phase shi d decreased with addition of peroxide indicating a more elastic material. For the 60 : 40 blend a similar increase of the modulus and decrease of the phase shi with increasing content of DCP was observed (ESI, Fig. S13 †) . It is important to consider the complexity of this system. The changes in properties depend on the respective polymer's molecular weight (i.e. affected by the thermal decomposition of PHA), morphology and the crosslinking by peroxide.
The effect of compatibilization was also visible in the tensile storage modulus measured by DMA which increased by 48% at 20 C for the sample with 0.5 wt% DCP added (Fig. 12a) . In contrast, the tensile storage modulus for the 60 : 40 blends at 20 C decreased aer additions of DCP, in comparison with the blend without DCP (ESI, Fig. S14a †) . Considering the damping, there was a small decrease in the tan d peak with the addition of DCP, which indicated a stiffer material (Fig. 12b) . Also, there were two maxima visible in both the tan d and the loss modulus, relating to the glass transitions of respective polymer. In the 60 : 40 blend the tan d peak of P(3HB) increased with the addition of DCP (ESI, Fig. S14b †) .
Conclusions
When melt processing PHBs from commercial sources it is crucial to assess and, if necessary, improve the thermal stability.
In the present case, washing with aq. HCl solution was identied as the most efficient and environmentally friendly pretreatment method. The thermal decomposition temperature of PHA increased by 50 C and the loss of molecular weight during processing was considerably less severe aer the acid treatment. Blending PHA with a suitable biodegradable polymer is an efficient strategy to improve the processability. The shear storage modulus of the blends increased with increasing content of PBAT and the stability in the melt state was higher for the samples where PBAT formed the continuous phase. Moreover, the tensile storage modulus decreased and the brittleness was reduced when PBAT was added. Addition of a free radical initiator such as DCP provided compatibilization between the polymers. This resulted in an increase of the dynamic shear modulus, an apparent increase in interfacial adhesion, an increase in tensile storage modulus, and can be effectively used to tune the properties of the materials.
